Plastic waste has reached epidemic proportions worldwide, and the production of plastic continues to rise steadily. Plastic represents a diverse array of commonly used synthetic polymers that are extremely useful as durable, economically beneficial alternatives to other materials; however, despite the wide-ranging utility of plastic, the increasing accumulation of plastic waste in the environment has had numerous detrimental impacts. In particular, plastic marine debris can transport invasive species, entangle marine organisms, and cause toxic chemical bioaccumulation in the marine food web. The negative impacts of plastic waste have motivated research on new ways to reduce and eliminate plastic. One unique approach to tackle the plastic waste problem is to turn to nature's solutions for degrading polymers by leveraging the biology of naturally occurring organisms to degrade plastic. Advances in metagenomics, next generation sequencing, and bioengineering have provided new insights and new opportunities to identify and optimize organisms for use in plastic bioremediation. In this review, we discuss the plastic waste problem and possible solutions, with a focus on potential mechanisms for plastic bioremediation. We pinpoint two key habitats to identify plastic-biodegrading organisms: (1) habitats with distinct enrichment of plastic waste, such as those near processing or disposal sites, and (2) habitats with naturally occurring polymers, such as cutin, lignin, and wax. Finally, we identify directions of future research for the isolation and optimization of these methods for widespread bioremediation applications.
INTRODUCTION The Plastic Epidemic
Plastics are an engineering and economic marvel. These synthetic, malleable polymers are cheap and easily manufactured, with diverse material properties and versatile applications. Since their popularization in the 1950s, plastic products ranging from nylon parachutes to polyethylene terephthalate (PET) water bottles have provided societal health, safety, and energy benefits (Andrady and Neal, 2009 ). While initially lauded for their resistance to degradation, this very property of recalcitrance also manifests in an epidemic of unmanaged waste. Plastics make up the fourth largest category for global solid waste (Hoornweg and Perinaz, 2012) . In the first global analysis of all mass-produced plastics ever made, researchers presented staggering statistics: Over 5.8 trillion kilograms of plastic waste have been produced since 1950, with half of that occurring between 2004 and 2017 (Geyer et al., 2017) . Perhaps more significantly, the rapid acceleration in production and waste trends suggest that 12 trillion kilograms of plastic waste will accumulate in landfills and the natural environment by 2050 (Neufeld et al., 2016; Geyer et al., 2017) .
In the ocean, plastic products enter the ocean at a staggering rate, estimated at between 4.8 and 12.7 million metric tons per year (Jambeck et al., 2015) . In total, one study estimates that 5.25 trillion particles weighing 268,940 tons are floating in the world's ocean (Eriksen et al., 2014) . This debris, ranging in size from microbeads less than one millimeter in diameter to large fishing nets (Law, 2017) , spreads throughout water columns and across the oceans, impacting all ecological systems (Rochman et al., 2016; Cózar et al., 2017; Chiba et al., 2018) . For instance, debris can entangle marine organisms (Gregory, 2009) , transport invasive species (Gregory, 2009; Carlton et al., 2017) and cause toxic chemical bioaccumulation up the food chain through ingestion of plastic waste (Eriksson and Burton, 2003; Rochman et al., 2013; Setälä et al., 2014) . In fact, a recent study estimates that the average American consumes at least 39,000-52,000 microplastic particles just from their drinking water (Cox et al., 2019) . Plastics have also been associated with a range of health hazards in humans. For example, exposure to vinyl chloride, the monomer of polyvinyl chloride (PVC), has long been linked with increased cancer risk for workers in PVC manufacturing plants (Infante et al., 1976; Bosetti et al., 2003; Lopez et al., 2003; Kumar et al., 2013) . High levels of vinyl chloride have been found near waste disposal sites (Brandt-Rauf et al., 2012) . Additionally, Bisphenol A (BPA) is a carcinogenic compound found in plastics (Wang et al., 2017) . BPA is an endocrine disrupter, and exposure to it can contribute to breast cancer development (Rubin, 2011; Wang et al., 2017) . Despite its potential hazards, plastic demand and disposal continues to increase world-wide, outpacing all other manufactured materials and continuing to put human and environmental health at risk (Geyer et al., 2017) . According to the International Agency for Research on Cancer, over 40 compounds used in plastic manufacturing have proven or suspected carcinogenicity in humans ( Table 1) . Among these compounds are monomers, hardeners, curing agents, chemical intermediates, and others. While none of the polymers themselves are carcinogenic, the reagents used during plastic manufacturing have the potential to enter the environment and impact surrounding ecological systems (International Agencey for Research on Cancer , 1977, 1986, 1990, 1993, 1994, 1995, 1999a,b, 2000, 2002, 2006, 2008, 2010, 2012a,b, 2013, 2014, 2017, 2018) .
Nature's Circular Degradation Economy
Biodegradation refers to the disintegration of materials by biological means. In nature, vastly diverse ecosystems of biodegrading macro-and microorganisms are vital to ecosystem health (Prosser et al., 2007) . As these organisms metabolize complex organic matter, including waste and dead plants and animals, these degraders return nutrients to the environment where they can be used by other organisms (Cromack, 1981) . With their ubiquity and ability to adapt to even the most extreme environments, microbes facilitate a global "circular economy" of organic resources (Horner-Devine et al., 2004) . This stands in stark contrast to the plastic industry's established linear model of "make, use, dispose, " with the consumer having the option to add "recycle."
Plastic Biodegradation Is a Complex,
Step-Wise Process Just as with the biodegradation of naturally occurring polymers (Austin and Vivanco, 2006) , biodegradation of plastics depends on complex interactions between environmental and biotic factors at multiple stages (Figure 1) . In general, abiotic factors like photo-oxidation, UV-irradiation (Orr et al., 2004; Esmaeili et al., 2013; Gewert et al., 2015) , and temperature (Lucas et al., 2008) impact the molecular structure of the plastic, affecting susceptibility to microbial attack. Meanwhile, different biotic factors, such as enzymes or microorganisms, can act at each of the three stages of biodegradation: biodeterioration, biofragmentation, and assimilation (Lucas et al., 2008) . During biodeterioration, polymer properties are modified for colony and biofilm growth. This step can involve secretion of adhesives or biosurfactants (Koutny et al., 2009) or rapid adaptation of organisms to the plastic niche (Tribedi et al., 2015) . During biofragmentation, the polymer is converted to oligomers and monomers, often by secreted enzymes. Finally, assimilation may occur when an organism metabolizes the fragments or transforms them into carbon dioxide and water.
Some industries have begun experimenting with cradle-tocradle design inspired by natural resource cycling (McDonough, 2002) , developing "biodegradable" or "compostable" plastic alternatives that may be degraded by the action of microorganisms (Song et al., 2009) . While inventing new materials is a critical aspect for the future reduction of plastic pollution, it is not effective at eradicating the currentlyexisting plastic waste ). In addition, biodegradable petroleum-based plastics may have their own harmful environmental impacts: if they ultimately degrade anaerobically in landfills instead of aerobically in compost, they release methane instead of carbon dioxide, thereby contributing to climate change (Gómez and Michel, 2013) . Although the design of fully biodegradable plastics will be advantageous, there is an urgent need to develop sustainable, effective, and convenient methods to remediate plastic waste.
As evident by the scale of plastic pollution, current options are not sufficient. Incineration releases detrimental greenhouse gases (Astrup et al., 2009 ) and other toxic substances (Gilpin et al., 2005) . Landfills accumulate staggering quantities of plastic (Barnes et al., 2009) , leach contaminants into the environment (Teuten et al., 2009) , and emit greenhouse gases when exposed to ambient solar radiation (Royer et al., 2018) . Recycling addresses only a limited selection of plastics, leading to costly collection and sorting challenges (Hopewell et al., 2009) . For example, in the United States, only 9% of all recyclable plastics are actually recycled (Geyer et al., 2017) , and just 5% of plastics are retained in the recycling stream (Neufeld et al., 2016) . Therefore, the development and implementation of new biodegradation and bioremediation technologies have unrealized potential as more effective, less impactful pathways to improve existing methods of plastic disposal and recycling efforts. One of the most promising recent discoveries is the presence of organisms capable of degrading and transforming plastics of different kinds. These organisms represent powerful new tools in the fight to reduce and ultimately eliminate plastic waste. Below, we review the existing literature on plastic-degrading organisms and highlight areas of focus for future discovery and bioengineering efforts.
LOOKING WHERE THEY ARE MOST EXPECTED: PLASTIC-DEGRADING ORGANISMS ARE ENRICHED IN SPECIFIC HABITATS
Designing a biodegradation system that accounts for dozens of interacting, variable environmental and polymer factors presents an immense challenge. Luckily, nature offers an elegant FIGURE 1 | Schematic illustration of plastic biodegradation as a complex, step-wise pathway. First, during biodeterioration (1), abiotic and biotic factors, like light and secreted hydrophobins, modify the polymer surface and increase its surface area. Next, during biofragmentation (2), organisms secrete enzymes that break the polymer down into its monomer components. Finally, during assimilation (3), the organism metabolizes the monomers into biomass, carbon dioxide, and water.
solution: a multitude of fungi and bacteria, along with several associated enzymes, that have been isolated and characterized to biodegrade recalcitrant, conventional plastics (Figure 2 and Supplementary Table S1 ). These components are extremely valuable as starting points for both the building blocks for unique combinations of organisms or enzymes and for bioengineeringbased optimization strategies. However, review of the existing literature reveals that the search for naturally occurring, plasticbiodegrading organisms may have only scratched the surface of microbial biodiversity, with isolations thus far occurring almost exclusively in India and Japan (Figure 3) . Yet, despite the potentially limited nature of the current search for these organisms, the available data pinpoint two habitats in which to focus for the identification of new plastic-degrading species or strains: (1) habitats that contain natural polymers; and (2) habitats that are enriched with plastic waste.
Naturally Occurring Activity From Enzymes That Degrade Natural Polymers
A growing body of literature supports the hypothesis that organisms evolved to metabolize naturally occurring polymers may also possess an ability to degrade plastic. The similarities in molecular structures between certain natural and synthetic polymers allow enzymes with broad substrate specificity to also degrade plastics. So far, similar degradation mechanisms appear to take place for three polymer pairs: (1) polyethylene terephthalate (PET) and cutin, a waxy biopolyester coating plant cuticles; (2) polyamide (nylon) and lignin, a woody complex polymer found in plant cell walls; and (3) polyethylene (PE) and beeswax.
First, research shows that PET degradation is a hydrolytic process catalyzed by cutinases, enzymes that typically hydrolyze ester bonds found in cutin (Müller et al., 2005; Ronkvist et al., 2009; Sulaiman et al., 2012; Kawai et al., 2014) . Cutin is a waxy, water-repellent, fatty acid polymer that makes up the cuticle of plants (Fich et al., 2016) . Several cutinases isolated from bacteria located around decomposing plant matter have also shown activity for degrading PET (Silva et al., 2011; Herrero Acero et al., 2013; Shirke et al., 2018) . In one example, Wei et al. (2016) engineered a double mutation of Thermobifida fusca cutinase TfCut2 based on the leaf and branch compost cutinase (LCC), a PET-degrading cutinase isolated from leaf compost (Sulaiman et al., 2012) . The TfCut2-LCC hybrid mutant expressed a 2.7fold increase in degradation activity compared to the wild type enzyme, at lower temperatures than LCC requires: it caused over 42% weight loss of PET films after only 50 h of treatment . Cutinase-catalyzed PET-degradation has also been enhanced by targeting polymer-cutinase interactions through the addition of hydrophobins, small hydrophobic proteins produced by filamentous fungi (Espino-Rammer et al., 2013; Ribitsch et al., 2015) , and surfactants (Eberl et al., 2009) .
Second, both nylon and lignin are susceptible to degradation by white-rot fungi (Deguchi et al., 1997 (Deguchi et al., , 1998 Fujisawa et al., 2001; Klun et al., 2003; Friedrich et al., 2007) . Lignin is a highly hydrophobic, aromatic compound found in the cell walls of plants. It is highly recalcitrant to degradation, just like many plastics. While natural mechanisms of lignin degradation are still being uncovered, white-rot fungi are among the few organisms known to break down lignin in natural environments (Leonowicz et al., 1999; Dashtban et al., 2010) . Evidence suggests that lignin degradation by white-rot fungi takes place by the secretion of extracellular oxidative enzymes, such as laccase and manganese peroxidase (Deguchi et al., 1998; Klun et al., 2003; Friedrich et al., 2007) . Furthermore, lignin biodegradation has been the subject of optimization efforts by the biofuel industry by adding a "mediator" reagent to enhance laccase activity (Christopher et al., 2014; Plácido and Capareda, 2015) . By using the lignin degradation system adapted by white-rot fungi, Fujisawa et al. (2001) effectively applied a laccase-mediator FIGURE 2 | Many organisms have been isolated that have the potential to biodegrade specific plastics. The distribution of these organisms by genus is represented above, with the size of each block corresponding to the number of strains and color corresponding to the plastic it can degrade. For a comprehensive listing of organisms, refer to Supplementary Table S1. system to polyethylene and nylon-6,6 (Fujisawa et al., 2001) . With the added mediator, a laccase isolated from Trametes versicolor fungi could more easily oxidize the non-phenolic structures of nylon, reducing its average molecular weight by over five fold in 3 days. This result highlights the potential in further applying lignin-degrading systems to nylon biodegradation. The use of laccase-mediator systems has since not focused on plastic, but on bioremediation of other compounds such as perfluoroctanesulfonate, carbamazepine, and non-steroidal antiinflammatory drugs (NSAIDs) (Luo et al., 2018; Naghdi et al., 2018; Apriceno et al., 2019) .
Third, several recent studies highlight PE biodegradation potential in the ecological niche of wax-degrading organisms and their microbiota (Hadad et al., 2005; Yang et al., 2014; Bombelli et al., 2017) . Yang et al. (2014) identified strains Bacillus sp. YP1 and Enterobacter asburiae YT1 as PE-degrading bacteria from Plodia interpunctella larvae, or Indian meal moths (Yang et al., 2014) . These bacteria independently degraded six to 10% by weight of a low-density polyethylene (LDPE) film in 60 days. Bombelli et al. (2017) reported even more rapid biodegradation of PE by another wax moth larvae, Galleria mellonella, into ethylene glycol: larvae homogenate caused a 13% weight loss in PE film after just 14 h (Bombelli et al., 2017) . The biodegradation mechanism of these wax moth larvae is hypothesized to originate in the insect's natural adaptation to parasitize bee hives and use beeswax as a nutrient source (Kong et al., 2019) , which has a similar saturated, aliphatic structure to polyethylene (Tulloch, 1971) . The wax-degrading thermophilic bacterium Brevibacillus borstelensis has also been shown to have PE-degrading potential, reducing gravimetric weight by 11% in 30 days (Hadad et al., 2005) .
Adaptation to Plastic as a Carbon Source Where Plastic Is Plentiful
In addition to harnessing the biodegradation activity from organisms that evolved to degrade naturally occurring polymers, another promising location to identify plastic-degrading organisms may be within plastic-enriched locations. Multiple studies have reported on the characterization of plastic-degrading organisms isolated from plastic processing facilities, recycling plants, plastic waste dump sites, and other hydrocarboncontaminated soils (Satlewal et al., 2008; Ibrahim et al., 2009; Tachibana et al., 2010; Mukherjee et al., 2011; Gyung Yoon and Jeong Jeon, 2012; Esmaeili et al., 2013; Shah et al., 2013 Shah et al., , 2016 Kowalczyk et al., 2016; Skariyachan et al., 2016 Skariyachan et al., , 2017 Yoshida et al., 2016; Ojha et al., 2017) . High plastic concentrations in these locations may exert eco-toxilogical selective pressures different than natural selective pressures, leading to the evolution of biodegradation mechanisms as a means to utilize plastic as an additional carbon source. Notably, the bacterium Ideonella sakaiensis 201-F6, which was isolated from a PET debriscontaminated environmental sample, could completely degrade a PET film in six weeks (Yoshida et al., 2016) . The microbe's two-step mechanism of PET-degradation into ethylene glycol and terephthalic acid consists of two enzymes: PETase and MHETase (Yoshida et al., 2016) . Interestingly, analysis of PETase reveals sequence homology and structural similarity to the PET-degrading cutinases discussed above. Both contain a α/β helicase fold with a Ser-Asp-His catalytic triad, a well-defined domain capable of performing nucleophilic attacks on ester bonds (Austin et al., 2018) . PETase, however, has different substrate specificity than its cutinase-like homolog: PETase exhibits higher activity against PET (Han et al., 2017) . Despite the increased activity of PETase for PET, extensive research is underway to optimize the enzyme. For example, converting through mutagenesis the wide active-site cleft of PETase into a narrower one that more closely resembles that of cutinases significantly increases PET degrading activity (Austin et al., 2018) . Building on nature's design in this way may allow PETase and other enzymes to be optimized for biodegradation activity (Austin et al., 2018; Joo et al., 2018) .
Plastic-enriched sites yield promising prospects in the form of bacterial consortia. For example, a crafted consortium of the three most effectively degrading strains of bacteria isolated from a garbage processing facility caused over 81% weight loss of LDPE films after a 120-day incubation (Skariyachan et al., 2016) . The same researchers produced similar results on both LDPE and HDPE films with another consortium of four thermophilic bacteria isolated from plastic-contaminated cow dung (Skariyachan et al., 2017) . Several of the strains in the latter study could not independently degrade the films, but their effectiveness was significantly improved when combined with the others. Likewise, the bacterium Bacillus subtilis MZA-75, isolated from waste dumping sites in India, was initially shown to mineralize polyester polyurethane alone (Shah et al., 2013) , but was later revealed to work more effectively in a naturally adapted consortium with Pseudomonas aeruginosa MZA-85 (Shah et al., 2016) . These findings suggest indigenous consortia could maximize the potential for degradation as compared to single microbial species or strains.
FUTURE RESEARCH DIRECTIONS
As the plastic epidemic's impacts on the environment intensify, there will be a growing need to identify and harness organisms and enzymes that can biodegrade plastics. Below, we highlight directions for future exploration and optimization of plastic biodegradation mechanisms.
Engineering and Optimizing Systems
The discovery of organisms with natural biodegradation activity allows researchers to apply established and emerging technologies in bioengineering for optimization and practical application. In addition to protein engineering of enzymes, such as PETase (Austin et al., 2018; Joo et al., 2018) , other promising efforts aim to develop systems that enhance enzymatic activity. For example, in order to relieve product inhibition of enzymes degrading PET, researchers employed a dual enzyme system of a cutinase and carboxylesterase to remove this intermediate degradation product via an ultrafiltration system (Barth et al., 2015 . By viewing naturally adapted organisms and enzymes as building blocks to optimize and combine into systems for specific uses, natural biodegradation activity can be channeled into actionable, effective bioremediation applications.
Locations to Explore
The presence of plastic-degrading organisms in locations enriched with natural polymers hints at unexplored potential in other richly biodiverse ecosystems, such as rainforests and the deep sea. First, rainforests are enriched with enormous varieties of natural polymers in the form of plant life (Dirzo and Raven, 2003) and microorganisms that live in close proximity to those polymers (Tripathi et al., 2016) . One particularly promising subset of these microorganisms is endophytes, organisms that live inside of plants (Nair and Padmavathy, 2014) . In fact, several organisms able to degrade polyurethane as a sole carbon source were identified from a small sample of endophytes from Ecuadorian rainforests (Russell et al., 2011) , suggesting there is unexplored biodegradation potential in the dense biodiversity of rainforests and their microorganisms.
Similar to rainforests, the marine environment is an uncharted ecosystem enriched with microbial biodiversity (Sogin et al., 2006) and naturally occurring polymers like cross-linked proteins in mussels and sea cucumbers (Scott, 2015) , in addition to anthropogenic hydrocarbons like plastic waste and petroleum (National Research Council, 2003; Chiba et al., 2018) . While most biodegrading organisms have been isolated from terrestrial locations (Figure 3 and Supplementary Table S1 ), the marine ecosystem has been largely unexplored. In one study, however, a marine bacterial culture from the Indian Ocean demonstrated degradation of several nylon varieties (Sudhakar et al., 2007) , highlighting the ocean's potential for identifying new plasticdegrading species (Alava, 2019) . Furthermore, marine bacteria that exclusively feed on hydrocarbons have been found to degrade oil from oil spills, suggesting that they could adapt to other man-made hydrocarbons like plastic as well (Brooijmans et al., 2009) . Additionally, interactions between larger marine organisms and their microbiota may result in biodegradation analogous to the terrestrial case of wax moth larvae: a prime example is the polychaete Marphysa sanguinea, a type of marine worm that has recently been found to fragment polystyrene into microplastics (Jang et al., 2018) . As mentioned above, laccase mediator systems have the capability to degrade nylon ). This creates opportunities for further expansion, perhaps with the marine fungal isolate Trematosphaeria mangrovei, which has high laccase activity (Tulloch, 1971 ). These initial observations in marine environments suggest the ocean environment could contain undiscovered potential for plastic biodegradation.
Finally, medical environments are target locations; selective pressures resulting from their sterile conditions result in microorganism adaptation. For example, two Enterococcus species-E. faecalis and E. faecium-have extended survival on fabrics and plastics; their survival has been attributed to an ability to degrade and metabolize the synthetic plastics they colonize (Neely and Maley, 2000) . While undesirable in hospital settings, microorganisms able to survive in such environments have likely evolved mechanisms of biodegradation that hold great value for plastic biodegradation efforts.
CONCLUSION
As plastic waste accumulates, so does the critical need for efficient, sustainable remediation. Drawing inspiration from nature's well-tuned resource cycling and constant evolutionary selection, biodegradation has serious potential as a novel and creative pathway to manage the plastic epidemic. To identify these new potential sources of plastic remediation, researchers should turn to two locations: environments enriched with naturally occurring polymers, and sites with high concentrations of plastic waste. Ultimately, these ongoing identification and optimization efforts may facilitate the integration of a "circular economy" of resources into the plastic industry by providing effective mechanisms for the breakdown of plastics and by mitigating the many hazards of plastic waste accumulation. The hunt for naturally occurring plastic-degrading organisms, while currently only scratching the surface of Earth's biodiversity, provides hope for what may be awaiting discovery.
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